Abstract: A photon-tissue interaction (PTI) model was developed and employed to analyze 96 pairs of reflectance and fluorescence spectra from freshly excised human pancreatic tissues. For each pair of spectra, the PTI model extracted a cellular nuclear size parameter from the measured reflectance, and the relative contributions of extracellular and intracellular fluorophores to the intrinsic fluorescence. The results suggest that reflectance and fluorescence spectroscopies have the potential to quantitatively distinguish among pancreatic tissue types, including normal pancreatic tissue, pancreatitis, and pancreatic adenocarcinoma. Bunk, "Quantitative perfusion analysis of transabdominal contrast-enhanced ultrasonography of pancreatic masses and carcinomas," Gastroenterology 137(6), 1903-1911 (2009). 29. J. C. Finlay, and T. H. Foster, "Effect of pigment packaging on diffuse reflectance spectroscopy of samples containing red blood cells," Opt. Lett. 29(9), 965-967 (2004).
Introduction
Pancreatic cancer has a five-year survival rate of only 6% [1], largely because there is currently no reliable method to diagnose the disease in its early stages. Endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) is currently considered the diagnostic standard for pancreatic cancer diagnosis, but it has a sensitivity of only 54% when the patient also has chronic pancreatitis (pancreatic inflammation), which is frequently the case [2] . For diagnosing cancer in solid lesions of the pancreas, the negative predictive value (true negatives/all negatives) of EUS-FNA has a mean value of 72% and ranges from 16% to 92%, according to a recent meta-analysis of 28 clinical studies [3] . In [3] , the authors reported that one of the most common "diagnostic dilemmas" is that of distinguishing malignant masses from inflammatory ones and concluded that EUS-FNA "preoperative biopsy of potentially resectable pancreatic tumours is not generally advisable, as malignancy cannot be ruled out with adequate reliability." Patients who are diagnosed with pancreatic cancer may undergo an arduous surgical procedure known as a Whipple resection; one study found that fully 9% of Whipple patients were classified as "false positives" [4] . As a result, there is an unmet clinical need for a method that can accurately and reliably detect pancreatic cancer at early stages of development and distinguish it from chronic pancreatitis.
Reflectance and fluorescence spectroscopies have shown potential for clinical cancer detection in tissues including the breast [5] , colon [6] , cervix [7] , and esophagus [8] . However, few studies have used optical methods to detect disease in the human pancreas. Optical interrogation of human pancreatic tissue has been demonstrated with optical coherence tomography [9, 10] and near infrared spectroscopy [11] . Partial-wave microscopic spectroscopy has shown promise for detecting cancer-related changes in the nanoarchitecture of human pancreatic cells obtained from archival cytology specimens [12] . Previously, we demonstrated that reflectance and fluorescence spectral features could potentially be employed for human pancreatic cancer detection [13, 14] . Further, we developed an empirical photon-tissue interaction (PTI) model to quantitatively link those spectroscopic measurements to histologically known characteristics of malignant and non-malignant human pancreatic tissues [15] . The PTI reflectance model incorporated information about light scattering by cell nuclei and collagen fibers, as well as absorption by oxygenated and deoxygenated hemoglobin. The PTI fluorescence model then corrected fluorescence spectra measured at the same site as the reflectance spectra for absorption and scattering artifacts.
Here, the PTI model was further developed and employed to analyze 96 pairs of reflectance and fluorescence spectra from freshly excised human pancreatic tissues. For each pair of spectra, the PTI model extracted a cellular nuclear size parameter from the measured reflectance, and the relative contributions of extracellular and intracellular fluorophores to the intrinsic fluorescence. The results indicated a statistically significant increase in the nuclear size of adenocarcinoma (relative to both normal pancreatic tissue and chronic pancreatitis) and a statistically significant increase in the extracellular collagen contribution to fluorescence in both adenocarcinoma and chronic pancreatitis (relative to normal pancreatic tissue). This suggests that reflectance and fluorescence spectroscopies have the potential to quantitatively distinguish among pancreatic tissue types, including normal pancreatic tissue, chronic pancreatitis, and pancreatic adenocarcinoma, via biophysical tissue properties extracted from the spectra.
Experimental methods

Instrumentation
At the University of Michigan (U of M), a prototype Reflectance and Fluorescence Lifetime Spectrometer (RFLS), described previously [13, 16] , was developed to measure reflectance and fluorescence from human pancreatic tissue samples (Fig. 1) . Briefly, the RFLS consisted of two light sources: a tungsten halogen lamp (HL 2000FHSA, Ocean Optics, Dunedin, FL) for CW reflectance, and a 355 nm pulsed laser with a 1 KHz repetition rate and a 500 ps pulse width (PNV001525-140, JDS Uniphase, San Jose, CA) for fluorescence excitation. Light from these two sources was directed onto the tissue via two separate optical fibers with core diameter of 600 µm. A third identical fiber was used to detect both the reflectance and fluorescence photons that returned to the surface. These three fibers were incorporated into a custom-made fiber optic probe (Ocean Optics), in which they were arranged in a triangular geometry at the probe's distal end [13] . A portion of the collected signal was directed to time resolved fluorescence measurements (not described here). For wavelength resolved measurements of reflectance and fluorescence, the rest of the detected photons were sent to a spectrograph (MS 125, Oriel Instruments, Stratford, CT) coupled intensified charge coupled device (ICCD) camera (ICCD 2063, Andor Technology, Belfast, Northern Ireland). The detection range of the ICCD was constrained to 340-800 nm by the long-pass filter (shown in Fig. 1 ) and the spectral grating on the ICCD. Reflectance data from 400 to 700 nm and fluorescence data from 400 to 638 nm were used in the analysis. At each tissue site, fluorescence and reflectance measurements were made in sequence by using shutters to block the other light source. Each fluorescence (reflectance) measurement had an associated acquisition time of 2 seconds (2.5 seconds).
All measured reflectance and fluorescence spectra were background-corrected and corrected for the instrument response function [17] . Corrected reflectance spectra R/R o were obtained by background subtraction and then dividing by the reflectance spectrum R o of the lamp [16] . The lamp spectrum R o was measured by placing a reflectance standard (SRS-50-010, Labsphere, North Sutton, NH) or a neutral density filter (optical density 0.05) at the distal end of the probe and collecting the lamp light that was reflected from the surface of the reflectance standard. In the reflectance calibration procedure, the fiber probe was placed roughly 6 mm above the reflectance standard. Experiments showed that this distance between the probe and the standard was sufficiently large to prevent the measurements from being sensitive to the lateral spread of light in the standard. Each wavelength-resolved spectrum was normalized to peak intensity. 
Human studies
Reflectance and fluorescence spectra were measured from human pancreatic tissue samples obtained at the U of M Medical Center within 30 minutes of excision, during operative procedures (Whipple procedure or distal pancreatectomy) performed on 9 patients (average age 62 ± 11 years; 7 female, 2 male). In the Whipple procedure, the head and proximal body of the gland were removed, while in the distal pancreatectomy, the tail and a portion of the body were removed. The amount of tissue removed was driven by the location of the tumor and the surgical anatomy for reconstruction purposes. The study received approval from the Institutional Review Board of the U of M Medical School. Prior to data acquisition, written consent was obtained from each patient. Spectra were measured from 50 pancreatic tissue sites. Immediately following optical measurement, a tissue biopsy was taken from each of these sites and used for histopathologic analysis. Of the 50 sites, 11 were diagnosed by pathology as histologically normal, 22 were diagnosed as chronic pancreatitis (inflammation), and 17 were diagnosed as adenocarcinoma. All pancreatic adenocarcinoma spectra in this study were from patients who had concurrent histologic evidence of chronic pancreatitis in addition to pancreatic adenocarcinoma. Two wavelength-resolved reflectance spectra and two wavelength-resolved fluorescence spectra were taken from each tissue site, except for one adenocarcinoma site, from which only one set of these three measurements was taken.
Two pairs of chronic pancreatitis spectra were excluded because the fluorescence spectra had a signal-to-noise ratio (SNR) of less than 25, where SNR was defined to be the mean signal at peak fluorescence divided by the standard deviation of the noise in the measured spectrum. Another pair of chronic pancreatitis spectra was excluded because the intensity of the reflectance signal at 550 nm was less than 1/10 of that at 650 nm. The remaining 96 pairs of reflectance and fluorescence spectra (22 pairs of normal spectra, 41 pairs of chronic pancreatitis spectra, 33 pairs of adenocarcinoma spectra) were individually fit using the PTI model.
Photon-tissue interaction (PTI) model
PTI reflectance model and fitting procedure
The PTI model was described in detail previously [15] . Briefly, an empirical model [18] 
The PTI-modeled spectra are denoted "unknown" because the model was blinded to pancreatic tissue type. The fitting procedure in this study was identical to that developed in [15] , except for five changes: (1) The measured "canonical normal" spectrum was taken to be an average of all 22 measured normal spectra. (Each normal reflectance spectrum was first normalized to its peak value in the 400-700 nm wavelength range, then all 22 of these spectra were averaged, and, finally, the resulting spectrum was normalized to the peak again to create the "canonical normal" spectrum.). (2) The concentration of collagen fibers (cylindrical scatterers) for all unknown reflectance spectra was set to three times that of the canonical normal (motivated by previous work demonstrating that the mean collagen content of both pancreatic cancer and tumor-associated chronic pancreatitis was roughly three times as high as that of normal pancreatic tissue [19] ). This approximation was not expected to have a significant effect on the fitting procedure, because the key disease-related changes in the reflectance spectra were expected to be captured by changes in the variable L [15] . (3) The refractive index of cell nuclei for all tissue types was set to a constant value of 1.375, which was in good agreement with previous results [15] . (4) The nuclear diameter L was varied from 9 µm to 13.5 µm, which contains the anticipated range for the pancreatic tissue types examined in this study [20, 21] . (5) In the correction factor for the confinement of blood to cylindrical vessels, the absorption coefficient of whole blood [18] was used.
In this way, the parameters extracted from the best fit of each "unknown" reflectance spectrum to the PTI model were the mean diameter L of the cell nuclei, as well as the total hemoglobin concentration and blood-oxygen saturation. The value of L from each "unknown" reflectance spectrum was compared to the value L o (set to 9 µm) that had been input into the PTI model for the mean cellular nuclear diameter of the "canonical normal" tissue [15] . The ratio of L/L o , termed the nuclear dilation factor, was calculated for each "unknown" reflectance spectrum. The tissue scattering properties extracted from the PTI model were then employed to correct the corresponding fluorescence spectra for attenuation artifacts, as described in Section 3.2.
PTI fluorescence model and fitting procedure
Once the model described above was fit to an individual measured reflectance spectrum, the corresponding measured fluorescence spectrum F MEASURED (λ) was corrected for scattering and absorption attenuation artifacts with a Beer-Lambert factor [15] , where the scattering coefficient was obtained from fitting the reflectance spectrum (Section 3.1). The resulting "intrinsic" fluorescence spectrum F INTRINSIC (λ) was fit to a linear combination of the basis spectra from three endogenous tissue fluorophores: extracellular collagen, intracellular NADH, and intracellular FAD, as described previously [15] :
The extracted fit coefficients C COLL , C NADH , and C FAD were then normalized via division by their sum, in order to obtain the percentage contributions %COLL, %NADH, and %FAD from the constituent endogenous tissue fluorophores [15] . These percentages summed to 100% for each measured fluorescence spectrum. Figure 2 shows representative reflectance and fluorescence spectra measured from normal pancreatic tissue, chronic pancreatitis, and pancreatic adenocarcinoma. As reported previously [13] [14] [15] , there are noticeable differences between the spectra of the different tissue types. From 450 nm to 530 nm, there is a significant increase in the amplitude of the adenocarcinoma reflectance spectrum (relative to normal and chronic pancreatitis), attributed to the increased size of cell nuclei in adenocarcinoma [20, 21] . Near 400 nm, there are notable increases in the amplitude of the adenocarcinoma and chronic pancreatitis fluorescence spectra (relative to normal), attributed to the increased extracellular collagen content in adenocarcinoma and chronic pancreatitis [19] . Figure 3 shows best fits of the PTI model to reflectance and fluorescence spectra from chronic pancreatitis and pancreatic adenocarcinoma. The average error in fit of the PTI reflectance model to the 96 measured spectra was less than 16% in the wavelength range 450-530 nm. This spectral range is where significant differences in spectral amplitude were reported for adenocarcinoma, relative to normal pancreatic tissue and pancreatitis [13] [14] [15] , as can be seen in Fig. 2(a) .
Results
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Reflectance, normalized to peak intensity Fig. 3 . Best fits of the PTI model to measured reflectance spectra (top row) and intrinsic fluorescence spectra (bottom row) for chronic pancreatitis (left column) and adenocarcinoma spectra (right column). Over all measured spectra, the average error in fit of the PTI reflectance model was less than 16% in the wavelength range 450-530 nm, and the average error in fit of the PTI fluorescence model was less than 6% in the wavelength range of 500-550 nm.
The average error in fit of the PTI fluorescence model to the 96 "intrinsic" fluorescence spectra was less than 6% in the wavelength range of 500-550 nm, in which key differences in spectral amplitude were reported [13] [14] [15] for the different pancreatic tissue types (see Fig.  2(b) ). When the 11 (out of 96) reflectance spectra with the highest cost functions were discarded, the average error in fit of the PTI reflectance model to the remaining 85 reflectance spectra fell below 10% in the 450-530 nm wavelength range, the average error in fit of the PTI fluorescence model to the 85 corresponding fluorescence spectra in the 500-550 nm wavelength range was nearly unchanged (remaining at less than 6%), and there was no significant change to the mean or standard error for the extracted parameters (see Sections 4.3 and 4.4 below). Figure 4 shows the cellular nuclear dilation factor L/L o extracted from the PTI model for each pancreatic tissue type. The mean ± standard error values of L/L o extracted for normal pancreatic tissue, chronic pancreatitis, and pancreatic adenocarcinoma were 1.04 ± 0.01, 1.07 ± 0.02, and 1.27 ± 0.01, respectively. The extracted parameter L/L o can distinguish between adenocarcinoma and normal pancreatic tissue, as well as between adenocarcinoma and chronic pancreatitis (p < 2x10 −9 from Wilcoxon rank-sum tests). This result is consistent with the larger average cellular nuclear diameters found in histopathological analysis of pancreatic adenocarcinoma relative to normal pancreatic tissue and chronic pancreatitis [20] [21] [22] . Differences were statistically significant (*, p < 2x10 −9 from Wilcoxon rank-sum tests) for distinguishing adenocarcinoma from normal pancreatic tissue as well as distinguishing adenocarcinoma from chronic pancreatitis. Figure 5 shows the percentage contribution of extracellular collagen to the intrinsic fluorescence of normal pancreatic tissue, chronic pancreatitis, and pancreatic adenocarcinoma. The mean ± standard error values of the percent contributions of extracellular collagen fluorescence to the spectra of normal pancreatic tissue, pancreatitis, and adenocarcinoma were 15.1 ± 3.4, 29.5 ± 3.8, and 60.9 ± 4.8, respectively. The results shown in Fig. 5 suggest that the percentage contribution of extracellular collagen to the intrinsic fluorescence is potentially useful (*, p < 2x10 −5 from Wilcoxon rank-sum tests) for distinguishing adenocarcinoma from normal pancreatic tissue, as well as distinguishing adenocarcinoma from chronic pancreatitis. Figure 5 also shows that the percentage contribution of extracellular collagen to the intrinsic fluorescence is potentially useful (**, p < 3x10 −2 from Wilcoxon rank-sum test) for distinguishing chronic pancreatitis from normal pancreatic tissue. These results agree with qualitative histopathological observation [15, 23] and hydroxyproline content analysis [19] , both of which have revealed increases in the amount of collagen found in chronic pancreatitis and pancreatic adenocarcinoma, relative to normal pancreatic tissue. , and pancreatic adenocarcinoma (N = 33 spectra). Differences were statistically significant for distinguishing adenocarcinoma from normal pancreatic tissue as well as distinguishing adenocarcinoma from chronic pancreatitis (*, p < 2x10 −5 from Wilcoxon rank-sum tests). Differences were also statistically significant for distinguishing chronic pancreatitis from normal pancreatic tissue (**, p < 3x10 −2 from Wilcoxon rank-sum test).
PTI reflectance model extracts cellular nuclear dilation factor
PTI fluorescence model extracts percent contribution of extracellular collagen to intrinsic fluorescence
Discussion
The results shown in Figs. 3 and 4 suggest that reflectance and fluorescence spectrocopies have the potential to distinguish among pancreatic tissue types, including normal pancreatic tissues, chronic pancreatitis, and pancreatic adenocarcinoma, using biophysical tissue parameters extracted from the data via the PTI model of light propagation. The relevant biophysical parameters for distinguishing the different pancreatic tissue types were the nuclear dilation factor L/L o and the percentage contribution of extracellular collagen to the intrinsic fluorescence. The observed increase in the nuclear dilation factor L/L o for adenocarcinoma, relative to normal pancreatic tissue and chronic pancreatitis, is in agreement with the findings of histopathology that the mean cellular nuclear diameter is larger in pancreatic adenocarcinoma than in normal pancreatic tissue [20] and chronic pancreatitis [21] . The increased percentage contributions of extracellular collagen to the intrinsic fluorescence for adenocarcinoma and chronic pancreatitis (relative to normal pancreatic tissue) are in agreement with studies demonstrating that there is increased collagen content in both pancreatic adenocarcinoma and tumor-associated chronic pancreatitis, relative to normal pancreatic tissue [19] . The increase in collagen content in chronic pancreatitis and adenocarcinoma is due to an increased fibrosis in response to inflammation. In chronic pancreatitis, the chronic inflammation incites chronic and/or recurrent tissue injury, which then heals with scar (fibrosis). In adenocarcinoma, the tumor induces desmoplasia, a stromal response that results in proliferation of mesenchymal cells and production of extracellular collagen. We note that since different source fibers were used for reflectance and fluorescence measurements, the light paths of the detected reflectance and fluorescence photons likely interrogated slightly different regions of each tissue site. However, since the reflectance and fluorescence photons were both collected by the same detector fiber, and all three fibers were positioned adjacent to each other in a triangular geometry, we used Monte Carlo simulations [24] [25] [26] to estimate that the majority of reflectance and fluorescence photons collected at a given tissue site visited roughly the same (~1 mm 3 ) region of tissue. The PTI model reported here does not make use of the hemoglobin concentration and blood-oxygen saturation parameters extracted from the reflectance fits. Since the measurements used for training the PTI model in this study were all obtained ex vivo, much of the hemoglobin absorption information obtained from these measurements is likely most directly related to the amount of blood that drained from each tissue sample and the time that each sample was exposed to air prior to measurement. We note that the blood absorption features present in the measured reflectance spectra were likely similar for measurements made on patients who underwent either type of pancreatic surgery (Whipple procedure or distal pancreatectomy). This is a reasonable assumption because in the distal pancreatectomy procedure, the splenic artery was divided early, producing a level of ischemia that was likely similar to that associated with the Whipple surgery.
In an in vivo setting, we expect to see changes in the measured reflectance spectra that can be linked to differences in the vasculature and blood oxygenation (and hence, the hemoglobin absorption) of pancreatic adenocarcinoma, chronic pancreatitis, and normal pancreatic tissue [27, 28] . We also expect the PTI model to be capable of describing these changes in terms of the total hemoglobin concentration, blood-oxygen saturation, and mean blood vessel radius, as well as the possible addition of a variable to represent the packaging of hemoglobin into erythrocytes [29] . In preparation for future in vivo studies, we are working to further refine the PTI model and examine in greater detail the effect of the hemoglobin absorption parameters on the modeled reflectance. We do not anticipate that the accuracy of the PTI model will be significantly affected by the transition to an in vivo setting, since the model can account for increased levels of absorption due to blood. Thus, the results reported in this study illustrate the potential of the PTI model to address the clinical need for accurate detection of pancreatic adenocarcinoma in the setting of chronic pancreatitis. An optical sensing technique involving the PTI model could potentially be employed in a clinical setting to guide EUS-FNA biopsy.
Conclusions
In this study, we demonstrate the first-ever use of a photon-tissue interaction (PTI) model to fit individual reflectance and fluorescence spectra from human pancreatic tissues. The best fits of the PTI model to the optical spectra extracted diagnostically-relevant biophysical parameters. The nuclear dilation factor was extracted from the PTI reflectance model, and the percent contribution of extracellular collagen to the intrinsic fluorescence was extracted from the PTI fluorescence model. Both of these parameters were statistically significant for distinguishing pancreatic adenocarcinoma from normal pancreatic tissue, as well as for distinguishing adenocarcinoma from chronic pancreatitis. Furthermore, the percent contribution of extracellular collagen to the intrinsic fluorescence was also statistically significant for distinguishing chronic pancreatitis from normal pancreatic tissue. These results indicate that optical spectroscopy involving a photon-tissue interaction model has the potential to quantitatively distinguish between different pancreatic tissue types and to provide an inroad toward addressing the clinical need for accurate detection of early-stage pancreatic cancer.
